The synthesis of two types of phosphine ligands that feature perfluorinated ponytails is reported. A bidentate (RfCH 2 CH 2 ) 2 PCH 2 CH 2 P(CH 2 CH 2 Rf) 2 (Rf ¼ CF 3 (CF 2 ) n ; n ¼ 5, 7) and an alkoxyphosphine made by ring opening a fluorous epoxide, RfCH 2 CH(OH)CH 2 PR 2 (Rf ¼ CF 3 (CF 2 ) 7 ), have been prepared and spectroscopically characterised. The electronic effects of the fluorous chains have been elucidated from either the 1 J Pt-P or 1 J P-Se coupling constants in Pt(II) or phosphine selenide compounds. Whilst the bidentate phosphines do not give stable or active Pd catalysts, the hybrid ligand does allow Susuki, Heck
Introduction
Immobilisation of homogeneous catalysts is an attractive methodology for generating recoverable and recyclable catalysts and many methods have been exploited. 1 The principle advantage is catalyst recoverability and recycling, 2 especially where expensive metals are used. As an example, N-heterocyclic carbenes, which are prevalent in homogeneous catalysis, have been extensively studied and a plethora of immobilisation techniques reported. 3 An interesting methodology has been in the use of uorous groups as the solubility in organic solvents can be tuned by control of the number of uorous groups or the choice of uorous or organic solvent. This is due to the 'thermomorphic' behaviour of mixed solvent systems where at certain temperatures the uorous and organic solvents are miscible, but phase separation occurs upon changing the temperature. 4 Therefore if the metal complex can have signicant solubility in the uorous phase then homogenous catalysis and catalyst separation can be controlled by simply changing the temperature. The rst example of this was reported by Horváth in the synthesis of a peruorinated triphenylphosphine rhodium complex in hydroformylation reactions, 5 and many modications of phosphines decorated with uorous ponytails of varying lengths have since been reported, 6 with a wide scope in catalytic reactions. The uses of uorous ponytails are not limited to phosphines and a range of ligand types have been prepared. 7 An elegant use of the preferential solubility of uorous phosphines in uorous solvents has been using the concept of phase transfer activation by the modication of Grubbs II catalyst [(NHC)Ru(] CHR)(PRf 3 )Cl 2 ]. The initiation step involves dissociation of the phosphine to form the vacant coordination site so when run under biphasic conditions the phosphine is "removed" from the reaction solvent and cannot re-coordinate, thus the overall rate of reaction can be increased. 8 We have shown that using a uorous alkoxide as a quenching agent we can recycle catalysts for the ring opening of caprolactone. 9 However, by introducing the electron withdrawing peruorinated ponytails, the electronic parameters of the phosphines can be signicantly affected. Methods to combat this have included the use of aryl spacers 6, 10 or methylene groups 11 that can attenuate this electronic impact. As an illustrative example, the n(C^O) stretching frequency in Vaska's type complexes [IrCl(CO)(PR 3 ) 2 ] can be compared with electron poor (P(OPh) 3 ) (n(C^O ¼ 2003 cm À1 )) or electron rich (PCy 3 ) (n(C^O ¼ 1931 cm À1 )) traditional phosphines 12 for catalysis and Rf 3 P (Rf ¼ CH 2 CH 2 (CF 2 ) 5 CF 3 ); (n(C^O ¼ 1976 cm À1 )). 11b The major drawbacks of these methodologies are that the uorous solvents and ponytails are not environmentally friendly and can persist in the environment causing long term adverse effects. 13 Secondly, the syntheses of the uorous ligands are typically prohibitively expensive for large scale applications and sometimes multi-step synthesis using experimentally difficult conditions, 14 or formed in poor yields, 15 although new synthetic pathways somewhat reduce this effect. 16 Finally, as the uorous chains are increased the solubility in all solvents tends to decrease, meaning characterisation becomes difficult. Light uorous (i.e. <40% uorine) chemistry has been used to circumvent some of these issues, 17 most notably the use of uorous silica for phase separation. These reagents are expensive and subsequent washing steps may degrade the catalyst, but several interesting applications have been reported. 18 A medium uorous approach (i.e. 40-60% uorine) has been utilised successfully, but typically use protic solvents such as water, which is incompatible with some organometallic catalysts; 19 however judicious use of uorinated solvents can alleviate this problem. 20 Given the observation that the temperature can control the solubility of the uorinated ligands in both uorous and organic solvent, the elimination of the expensive and environmentally unfriendly uorinated solvent can be achieved by thermomorphic control for liquid/solid phase separation i.e. the uorinated catalyst will dissolve in suitably chosen organic solvents at high temperatures but will precipitate upon lowering of the temperature. 21 An emerging solution has been to use uorous supports such as Teon or Gore-Tex whereby the uorous catalyst is presumably adsorbed onto the surface and provides an efficient vehicle for catalyst delivery and recovery, 22 although catalyst leaching can still be of concern. The sorption process is not well understood, but we have shown that measurable, though rather weak, non-covalent C-F/F-C interactions could be involved. 23 Herein we report on two synthetic pathways for the formation of phosphines and expand the idea of supporting these uorinated ligands onto PTFE tape, commonly used in the laboratory, and their use in homogeneous catalysis, particularly targeted at the recovery and reuse of the expensive uorous ligands in C-C cross coupling reactions, that avoids issues of catalyst decomposition and/or leaching. This "ligand-on-Teon" has been characterised by thermal methods.
Results and discussion
We will rst describe the synthesis of the ligands, followed by their use as traditional homogeneous catalysts under biphasic conditions, before describing the characterisation on Teon and nally the catalysis using the ligand-on-Teon approach.
Synthesis and characterisation of uorous phosphine ligands
The synthesis of the phosphine and P-O ligands with uorous ponytails was achieved in good yields using two methodologies.
Synthesis and characterisation of bidentate phosphine ligands. We were inspired by the reported synthesis of the bidentate uoroalkyl phosphine (RfCH 2 CH 2 ) 2 -P(CH 2 ) m (CH 2 CH 2 Rf 2 ) 2 , (1, m ¼ 2, Rf ¼ (CF 2 ) 5 CF 3 ; 24 or m ¼ 5, Rf ¼ (CF 2 ) n CF 3 , n ¼ 5, 7, 9) 25 and the pincer phosphine 1,3-C 6 -H 4 (CH 2 PCH 2 CH 2 Rf 2 ) 2 (Rf ¼ (CF 2 ) n CF 3 , n ¼ 5, 7). 26 In terms of catalysis, only ligand 1 has been applied in the Rh catalysed hydroformylation of hexene in scCO 2 . We repeated the synthesis of (RfCH 2 CH 2 ) 2 P(CH 2 ) 2 P(CH 2 CH 2 Rf) 2 (eqn (1)) and the reaction can be conveniently followed by 31 P and 31 P{ 1 H} NMR spectroscopy; all intermediates have been identied ( Fig. S8 †) . The partition coefficient between toluene and peruoromethylcyclohexane was measured using a 19 F NMR spectroscopic methodology 4 at 4 : 96 for 1 and 2 : 98 for 2; when n ¼ 9 a solid precipitated out of the reaction mixture and proved to be insoluble in all organic and uorous solvents, even at elevated temperatures. In contrast, the reactions with 1,2biphosphinobenzene were extremely sluggish and very low yielding (d P ¼ À31 ppm) so further reactivity studies were not conducted.
(1)
To understand the changes in the electronic effect of the ligand we sought to synthesise [(PP)PtCl 2 ] as the magnitude of the 1 J Pt-P coupling constant has been used to evaluate the sdonor ability of phosphines, specically where a decrease in the coupling constant can be related to a decrease in the s-donation from the phosphorus. 27 Thus, an NMR tube was charged with one equivalent of 1 and one equivalent of [(COD)PtCl 2 ] in the amphiphilic solvent 1,3-triuoromethylbenzene and heated to 50 C for 1 h. This afforded a shi in the 31 P{ 1 H} NMR spectrum from d P ¼ À26 ppm to d P ¼ +49 ppm with Pt satellites ( 1 J Pt-P ¼ 3487 Hz). This can be compared to 3523 Hz for the electron rich [(dmpe)PtCl 2 ] 28 or 3362 Hz for the electron poor [(CF 3 CF 2 ) 2 -PCH 2 CH 2 P(CF 2 CF 3 ) 2 PtCl 2 ] 29 indicating that the methylene spacers do attenuate the electron withdrawing nature of the uorous groups to a degree, and in line with numerous other experimental studies. 11 Interestingly, over an hour, a black precipitate formed and the 31 P{ 1 H} NMR spectrum showed several peaks in addition to free ligand, and we were unable to obtain analytically pure material for further analysis. One was identied as the phosphine oxide (3), by the deliberate oxidation of the ligand (d P ¼ 31.6 ppm), was only soluble in uorinated solvents (peruorinated hexane or 1,3-triuoromethylbenzene). This suggests that the metal complexes of this ligand are susceptible to decomposition and in line with data from some other uorous phosphine palladium compounds. 25, 30 Synthesis and characterisation of uorous P-O ligands. For the synthesis of P-O ligands we decided to utilise the ring opening of a commercially available uorous epoxide using a phosphide nucleophile, favouring the nucleophilic attack at the least hindered carbon, via an S N 2 type reaction and would control the regioselectivity (Scheme 2). This type of reactivity has been used to form several hydroxylated phosphine ligands, 31 but offers a different synthetic strategy for placement of the uorous group far away from the phosphine so the electronic effects on the phosphorus centre can be controlled using the R groups. This allows comparatively electron rich phosphines to be prepared. Preliminary investigations show that when [ t Bu 2 P]Li is added to the uorous epoxide, followed by quenching with water, 31 P { 1 H} NMR spectroscopy showed a single peak at d P ¼ 19.3 ppm that can be assigned to the expected ring opened product. However when the smaller [Ph 2 P]Li was used, two peaks were observed at d P ¼ À27.1 and À15.5 ppm indicating that the nucleophile ring opened at both positions; this has been previously observed in non-uorous epoxides. 31 To regain control of regioselectivity, we increased the size of the nucleophile by reacting the phosphine-borane adducts with n BuLi and the epoxide. 32 Under these conditions only one peak in the 31 P { 1 H} NMR spectrum was observed in all Li 
, indicating a regioselective ring opening. All spectroscopic data ( 1 H, 13 C{ 1 H}, 31 P{ 1 H}, 7 Li NMR and IR spectrosocopy) support the formulation of the ring opened salts 5-7 (ESI †). Deprotection of the borane by reuxing with TMEDA followed by quenching with degassed water gave ligands 11-13 in good yield; the order of the quenching and deprotection did not make a difference to the isolated yield but could not be done simultaneously as by-products from quenching the tmedaBH 3 complex complicated purication. 33 This reaction can be conveniently followed by 31 P{ 1 H} and 11 B NMR spectroscopy and the shi in the 31 P{ 1 H} NMR spectra are accompanied by the loss of the 1 J31 P-11 B coupling (11, d P ¼ 19.3 ppm; 12, d P ¼ 27.4 ppm; 13, d P ¼ À22.6 ppm) and resonances in the 11 B{ 1 H} NMR spectrum ascribed to the TMEDA$BH 3 complex. 33b All other NMR spectroscopy conrm the formulations (ESI †). Importantly for catalysis, the partition coefficient between per-uoromethylcyclohexane and toluene were measured using 19 F NMR spectroscopy 4 for 11-13 and the results were all around 55 : 45 indicating that there is little preferential solubility in uorous phases, as anticipated from the inclusion of the hydroxy and alkyl groups.
The phosphines are sensitive to oxygen, and the corresponding phosphine oxide can be readily prepared and isolated by simply exposing the phosphine to air (Scheme 1). In order to understand the electronic changes that occur in these three ligands, the phosphines 11-13 were reacted with elemental Se and the phosphine selenide 17-19 isolated and characterised by multinuclear NMR spectroscopy (Scheme 1). The 1 J P-Se coupling constants have been used to give electronic information on the phosphorus 34 and the coupling constants are 1 J P-Se ¼ 674 Hz for 17, 1 J P-Se ¼ 688 Hz for 18 and 1 J P-Se ¼ 705 Hz for 19, in line with the expected trends i.e. the lower the coupling constant the more electron rich the phosphine. Moreover we can compare the shi from R 3 36 or Ph 2 PEt model compounds ( 1 J P-Se ¼ 725 Hz); these data show that the phosphines are not signicantly affected by the uorous ponytails.
We were able to grow single crystals of 16 from slow evaporation of DCM and the structure is shown in Fig. 1 (metric parameters are collated in Tables S1 and S2 †).
The structure conrms the regioselectivity of the ring opening and the metric parameters are unexceptional. For example the P]O Fig. 2(a) ) and a longer intramolecular C-H/O- Fig. 2(b) ); the increased acidity of these protons have been shown computationally previously. 23 To explore and quantify the uorous based noncovalent interactions, Hirshfeld surface 39 can be conveniently used and close interactions are labelled in Fig. 2(c) as red spots. 
Catalytic studies in solution
To assess the use of the uorous phosphines 11-13 in catalysis we chose to explore their Pd complexes in the Heck, Suzuki and Sonogashira C-C coupling reactions. These important reactions have been extensively studied 42 and uorous ligands examined, thus providing a benchmark. The Heck reaction is typically used as a testbed for new catalytic systems, 43 but all intimate a highly reactive undercoordinated Pd(0) that is intrinsically unstable outside the catalytic cycle and the formation of Pd nanoparticles can also effectively catalyse these reactions. 44 These can present challenges for effective recycling protocols.
The uorous bidentate phosphines 1 and 2 give immediate precipitation of a black powder upon addition of any source of Pd(II), or Pd(0) and 31 P{ 1 H} NMR analysis of the mixture showed numerous peaks indicating decomposition of the Pd ligand complex. No further catalytic studies were conducted with this ligand, although we note that it can form catalytically competent rhodium complexes for hydroformylation. 24 Conversely, reaction of ligands 11-13 with palladium sources afforded active catalysts for Heck, Suzuki and Sonogashira C-C coupling reactions (Scheme 2) using 0.5-1 mol% of the catalyst and the results are summarised in Table 1 . The purpose of this study was not to fully optimise conditions nor demonstrate scope of the reaction, but as a proof of principle that the reactions work so that the ligand-on-Teon approach can be then tested and compared. Therefore the yields of the reaction, whilst high, have not been optimised. However, we note that the Sonogashira reaction required 2 mol% of the catalyst and the yields were low, with long reaction times.
Moreover, in the Heck reaction we observe only the E isomer by NMR spectroscopy. Because of the electron rich nature of the t Bu substituted phosphine, we were able to also use bromobenzene in the Suzuki cross coupling reaction, albeit in reduced yield (yield ¼ 23%; TON ¼ 2300) and only traces of product formed with chlorobenzene (yield ¼ <5%). For context, a number of uorous phosphines have been developed for cross coupling reactions and our yields are similar to those observed for the complexes [PdCl 2 (n-C 10 -F 21 PPh 2 )] 16c or a peruoroalkylated PCP 45 or per-uoroarylated SCS 46 pincer palladium complex for the heck reaction that could be recycled by uorous solid-phase extraction. However, Gladysz and co-workers have shown that in peruoroalkylated SCS pincer compounds of Pd, the catalyst is actually Pd nanoparticles. 47 We do not compare to the state of the art NHC based catalysts 48 where TON of 10 4 -10 6 are obtained using very low catalyst loadings. To illustrate the concept of electron richness further, the Suzuki reaction was followed by 1 H NMR spectroscopy using ligand 11 and 12 (ligand 13 gave overlapping peaks in the 1 H NMR Scheme 2 Summary of catalytic experiments from ligands 11-13 with results reported in Table 1 . spectrum that proved impossible to deconvolute) and the conversion to biphenyl measured over time (Fig. 3) . It is clear that the most electron rich phosphine enhances the rate of the reaction. Also apparent is that there is no initiation step within the timeframe of our measurements. Some recycling studies were carried out in solution by quenching the reaction and then extracting the ligand in uorinated solvents. Whilst we did recover some of the ligand, the NMR studies showed this was as the oxide and, given the rather low partition coefficients, in variable yields. This approach clearly does not hold any benet for an efficient catalyst recycling strategy.
Supported ligands on Teon
We next turned our attention to supporting the ligands 11-13 on Teon tape. The P-O ligands were dissolved in acetone and a piece of Teon tape of ca. 1 cm length added and this was stirred for 10 minutes. Removal of the Teon tape and drying under a stream of N 2 gas afforded a brownish coloured material (ESI †). 31 P{ 1 H} NMR analysis of the solution revealed no ligand present. This reaction was also followed in an NMR tube and, without adjusting any instrument parameters, the intensity of the ligand peak deceases to ca 5% in just a few minutes. IR spectroscopy of the Teon tape was not informative, but TGA (Fig. 4) shows the presence of the ligands which are lost at ca 300 C; Teon decomposes at 600 C. Qualitatively, 13 appears to sorp more than the other two ligands. It is worth noting that the surface of Teon is undened as the porosity and chemical permeability has been previously studied, 49 especially for uses as phase vanishing reactions. 50 Whether our compounds are surface sorped or entrained inside the pores was not thoroughly investigated in this study, but the high temperatures of ligand loss from the TGA experiments and the much enhanced stability to air, points to an entrainment process; we are investigating this adsorption process in more detail and will report in due course. In passing, we also note that though the stirrer bars we used were PTFE coated, and could act as similar sources for sorption, the Teon did not noticeably discolour in any of our experiments.
Ligand-on-Teon studies
The next step in our study was to observe if the ligand-on-Teon approach could be used as a recycling study. Our initial attempts with the Pd catalyst did not generate reproducible results, and NMR studies showed that the ligand-metal complex was present in solution as well as on the Teon tape, in line with the partition coefficients measured for the ligand. However, it is well known that in homogeneous catalysis the price of the ligand is orders of magnitude more than the precious metal, 51 so recycling the ligand may give signicant cost savings as well as negating the issue of metal leaching during multiple recycles. Moreover, the generally high molecular weights of the ligands mean that relatively large amounts of catalysts are needed to obtain high reaction rates and/or selectivity. We used a model reaction to examine the recyclability of the ligand that gave the most active catalyst (11 in this experiment), the coupling of iodobenzene with phenylboronic acid to form biphenyl and Fig. 5 reports the isolated yields and TON of biphenyl. In this case, the ligand was not present in the solution at the end of the reaction, as judged by 19 F and 31 P{ 1 H} NMR spectroscopy (including a uorous standard) and can be recycled multiple times before activity appreciably drops off. The presence of 14 was then observed by 31 P{ 1 H} NMR spectroscopy, pointing to an oxidative decomposition pathway. Fig. 3 Plot of the % conversion of biphenyl using ligands 11 and 12, as monitored by NMR spectroscopy. 
Conclusions
The synthesis and applicability of two electronically different phosphine ligands with uorous ponytails in a variety of C-C bond forming reactions have been shown. Whilst a uoroalkyl phosphine (RfCH 2 CH 2 ) 2 PCH 2 CH 2 P(CH 2 CH 2 Rf) 2 does not give catalytically competent palladium complexes, a b-hydroxyphosphine with the uorous chain further away from the phosphine centre does. The catalysis can be run with low loadings and reasonable turnovers, but because of the hydroxy group cannot be recycled with conventional uorous solvent recovery methods. However, we have shown that the ligands can be sorped onto Teon tape and used for the Suzuki cross coupling reaction of simple substrates with 6 recycles before activity starts to drop off. The ligand on Teon approach add to the growing numbers of reactions that can be catalysed by uorous immobilisation, but further optimisation could include precise catalyst loading as this approach does not require metals on the tape and the downside of metal leaching is avoided. More generally, this work also shows that ligand effects in recycling strategies are very important to consider.
Experimental
General 1 H, 13 C{ 1 H}, 31 IR spectra were recorded on a PerkinElmer Spectrum One spectrometer with attenuated total reectance (ATR) accessory. All thermogravimetric analysis were measured on the Perki-nElmer Pyris 1 TGA heating at 10 C per minute in a nitrogen atmosphere. Data for 11 were collected on a Bruker D8 Quest ECO using Mo Ka (l ¼ 0.71073Å). The sample was mounted on a MiTeGen microloop and data collected at 100(2) K using an Oxford Instruments Cryostream low temperature device. Bruker APEX 52 soware was used to collect and reduce data and determine the space group. The structure was solved using direct methods (XT) 53 and rened with least squares minimization (XL) 54 in Olex2. 55 Absorption corrections were applied using SADABS. 56 Crystal data, details of data collection and renement are given in Table S1 . † The hydrogen H 2a on O 2 was located on the difference map and rened with restraints (DFIX). The uorine atoms are prolate and were modelled with restraints to minimize this (ISOR). CCDC 1912783 contains the supplementary crystallographic data for this paper.
All manipulations were carried out using standard Schlenk and glove box techniques under an atmosphere of a high purity dry argon. THF and Hexane was distilled over potassium, C 6 D 6 and toluene over sodium whilst DCM, acetonitrile, CDCl 3 and all uorous solvents and catalyst precursors were distilled over CaH 2 and degassed immediately prior to use. The Teon® tape (PTFE thread seal tape BS 7786: 1995 Grade L) was obtained from commercial sources. 1 and 2 were made by the literature procedure. 24 The phosphine boranes were prepared by the reduction of the corresponding dialkylchlorophosphines with NaBH 4 . 57 Pd 2 dba 3 , 58 [PdCl 2 (MeCN) 2 ] 59 were made via literature procedures. The concentration of n BuLi was veried via a Gilman double titration before use. All other chemicals and solvents were obtained from commercial sources and used as received. The syntheses of 14-19 and catalytic studies can be found in the ESI. †
Synthesis of 3 and 4
To solid (Rf) 2 PCH 2 CH 2 P(Rf) 2 was added 2.5 equivalents of H 2 O 2 (30 wt% solution in water) under a nitrogen atmosphere. The mixture was stirred for 3 hours and then the excess peroxide decomposed by heating to 90 C under an ambient atmosphere until all the water had been evaporated. 
), À118.7 (CF 2 ), À119.2 (CF 2 ), À120.9 (CF 2 ), À122.5 (CF 2 ); 31 Synthesis of 5-7 R 2 PHBH 3 (2.82 mmol) in hexane (5 cm 3 ) was cooled to À78 C and n BuLi (1.45 cm 3 of a 2.37 M solution in hexane, 3.1 mm) was added dropwise with stirring. Aer warming to room temperature 3-(peruorooctyl)-1,2-propenoxide (0.78 ml, 2.8 mm) was added dropwise and stirred overnight. The solvent was removed under vacuum to give a yellowish-brown oil. 9 Hz, CF 2 CF 3 ), 110 (tt, 1 J C-F ¼ 270 Hz, 2 J C-F ¼ 32.9, CF 2 ), 113 (tt, 1 J C-F ¼ 257 Hz, 2 J C-F ¼ 32.9 Hz, 4CF 2 ), 115 (tt, 1 J C-F ¼ 288 Hz, 2 J C-F ¼ 32.9 Hz, CF 2 CH 2 ), 118.5 (tt, 118.7, 1 J C-F ¼ 257 Hz, 2 J C-F ¼ 32.9 Hz, CF 2 CF 3 ); 19 F NMR (376 MHz, C 6 D 6 ): d F ¼ À81.85(CF 3 ), À112.90 (CF 2 ), À122.30(CF 2 ), À123.16 (CF 2 ), À123.73 (CF 2 ), À126.79 (CF 2 ); 7 Li NMR (156 MHz, C 6 D 6 ): d Li ¼ 1.07; 11 B NMR (128 MHz, C 6 D 6 ): d B ¼ À42.92 (m, 1 J B-H ¼ 2. 43 Hz, 1 J B-P ¼ 60 Hz); 31 
